Because monotremes are the earliest offshoot of the mammalian lineage, the platypus and short-beaked echidna were studied as model animals to assess the origin and biological significance of adaptations considered unique to therian mammals: epididymal sperm maturation and subsequent capacitation. We show that spermatozoa from both species assemble into bundles of approximately 100 cells during passage through the epididymis and that an epididymal protein-secreted protein, acidic, cysteine-rich (osteonectin; SPARC)-is involved in bundle formation. The bundles persisted during incubation in vitro for at least 1 h under conditions that capacitate therian spermatozoa, and then underwent a time-dependent dissociation to release spermatozoa capable of fertilization. Only after this dissociation could the spermatozoa bind to the perivitelline membrane of a hen's egg, display an altered form of motility reminiscent of hyperactivation, and be induced to undergo an acrosome reaction. It is concluded that the development of sperm bundles in the monotreme epididymis mandates that they require a time-dependent process to be capable of fertilizing an ovum. However, because this functional end point was achieved without overt changes in protein tyrosine phosphorylation (a hallmark of capacitation in therians), it is concluded that the process in monotremes is distinctly different from capacitation in therian mammals.
INTRODUCTION
Reproduction in monotremes (subclass Prototheria) is of particular interest because they are the earliest offshoot of the mammalian lineage and exhibit an enigmatic mixture of mammalian, reptilian, and specialized characteristics. They are certainly mammals because they are furred, endothermic, and have mammary glands that produce rich milk that solely supports the developing young until they are at least 60% adult mass [1] . However, their sex chromosomes [2] and method of sex determination are not like those for the eutherians and marsupials [3, 4] , their gametes most closely resemble those of reptiles and birds rather than other mammals [5, 6] , and they lay eggs, which are incubated externally [7] . Although the postovulatory development of monotreme ova is well documented [8] , little is known of the posttesticular development of their spermatozoa and how it relates to processes identified in other mammals, which are unique among vertebrates. Spermatozoa in eutherian and marsupial mammals cannot fertilize ova when they leave the testes; they must undergo a process of maturation in the epididymis, then capacitation in the female reproductive ducts before they can fertilize ova. The epididymal maturation involves structural changes and modifications to the plasmalemma, and association with epididymal proteins [9] . Capacitation is a time-dependent, postepididymal process that is necessary for sperm to achieve the capacity to fertilize an ovum [10] [11] [12] .
Our earlier work [13] [14] [15] showed that the echidna epididymis is differentiated into a long initial segment (estimated as 95% of the length of the duct), which lies over the testis, and a short terminal segment, which extends distal to the posterior gonadal ligament. There is no variation in epithelial ultrastructure along the length of the initial segment. Uniquely among mammals, as spermatozoa leave the initial segment they form bundles of about 100 individuals arranged roughly parallel with one another, and this greatly enhances their forward velocity. The bundle formation is well organized, involving binding sperm heads together [13] , and it is quite different from the process of sperm cooperation involved in rouleaux formation of guinea pig sperm [16] , the pairing of American marsupial sperm [17] , and the postcoital formation of sperm trains in the wood mouse and deer mouse [18, 19] . It is unknown whether the sperm bundles can fertilize ova, how well and how long the monotreme sperm bundles persist during incubation, and if dispersion of sperm from the bundles involves any physiological changes. Consequently, this report examines the significance of the sperm bundles in two of the three extant monotremes, the platypus and short-beaked echidna. The study confirms that the structure of the epididymis, and sperm bundle formation, in the platypus is similar to our findings on the echidna, and we were able to identify an epididymal secretory protein that is involved in bundle formation. We also examined how the bundles persist during incubation in vitro, determined whether dissociation of sperm from the bundles may be a time-dependent process like capacitation in therians, and assessed the physiological status of sperm after separation from the bundles.
MATERIALS AND METHODS

Chemicals and Reagents
Unless otherwise specified, chemical reagents were obtained from Sigma. Anti-phosphoserine (P5747), phosphothreonine (P6623), phosphotyrosine (P3300), and anti-tubulin (T5168) antibodies were purchased from Sigma. Anti-SPARC antibodies (sc25574) and horseradish peroxidase (HRP)-conjugated secondary antibodies were purchased from Santa Cruz Biotechnology. All fluorescently labeled (Alexa Fluor) secondary antibodies were from Invitrogen Life Technologies.
Collection of Animals and Epididymal Spermatozoa
All studies were carried out with the approval of the institutes' animal ethics committees in accordance with the Society for the Study of Reproduction's specific guidelines and standards. Platypuses (Ornithorhynchus anatinus) were netted in the Upper Barnard River, New South Wales, Australia [20, 21] , and echidnas (Tachyglossus aculeatus), except for one domesticated male, were found by searching the surrounding area. The wild animals were euthanized with sodium pentobarbitone (Virbac) within 1 h of capture, and epididymal semen was collected for incubation studies by perfusion of the duct with HEPES-buffered Biggers, Whitten, and Whittingham media (BWW) [22] . Ejaculated semen was collected by massaging the domesticated echidna as previously described [23] .
Sperm Bundle Dissociation and Fertilizing Capacity
Preliminary studies examined the suitability of media based on BWW [22] for incubating cauda epididymal monotreme spermatozoa in vitro. This medium consisted of 25 mM NaHCO 3 , 120 mM NaCl, 4.6 mM KCl, 1.7 mM CaCl 2 .2H 2 O, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 .7H 2 O, 5.6 mM D-glucose, 0.27 mM sodium pyruvate, 44 mM sodium lactate, 5 U/ml penicillin, 5 mg/ml streptomycin, 20 mM HEPES buffer, and 3 mg/ml bovine serum albumin (BSA; pH 7.4, osmolality of 300 mOsm/kg). The BWW supported good survival but was improved by supplementation with a phosphodiesterase inhibitor (pentoxifylline, 3 mM) and a membrane-permeable cAMP analog (dibutyryl cyclic AMP [dbcAMP], 5 mM) designed to elevate intracellular cAMP levels, thereby stimulating PKA and downstream hallmarks of capacitation [24] . There seemed to be no advantage in the exclusion of bicarbonate or incubating under 5% CO 2 . Consequently, for convenience in the field, only BWW with and BWW without the dbcAMP and pentoxifylline were used in subsequent studies. Following dilution into appropriate media, an aliquot of sperm was immediately assessed for viability, motility characteristics, acrosomal integrity, and phosphorylation status. The remainder of the sample was incubated at 328C for up to 180 min. At regular intervals throughout this incubation, sperm suspensions were sampled and a portion examined under a transmission light microscope (Zeiss Standard 14 Microscope; Carl Zeiss), and their activity was recorded digitally (Canon EOS 5D Mark II; Canon) for subsequent analysis, or processed immediately using the suite of functional assays described below.
The ability of sperm to undergo an acrosome reaction was tested using calcium ionophore (A23187) as previously described [25] . Briefly, following incubation under appropriate conditions, spermatozoa were induced to acrosome react by incubation in 2.5 lM A23187 for 30 min. Sperm suspensions were then washed, resuspended in hypo-osmotic swelling medium, and incubated for an additional 1 h. Following incubation, spermatozoa were again washed, aliquoted onto 12-well slides, air dried, and permeabilized by immersion in methanol for 10 min. The slides were then stained with fluorescein isothiocyanate-labeled Arachis hypogaea (1 lg/ll; Vector Laboratories Inc.) for 20 min at room temperature and mounted with 5 ll of antifade reagent. The acrosomal status of viable cells (i.e., presence or absence of A. hypogaea agglutinin [PNA] labeling) was examined using a Zeiss Axioplan 2 fluorescence microscope (Carl Zeiss). Protein phosphorylation was determined using immunoblotting and immunofluorescence staining [24] . The capacity for sperm to bind to ova was tested using the perivitelline membrane (PVM) of hen oocytes, which share the same fertilization proteins as the platypus oolemma [4] . The PVM preparation was coincubated with semen in a droplet of BWW for 10 min, then washed by serial aspiration to remove nonspecific or weakly adherent spermatozoa.
Protein Analysis
Samples of epididymal luminal fluid were collected by perfusion [26] from five sites (Fig. 1A) along the ductus epididymidis (1-4 ¼ initial segment, 5 ¼ terminal segment) of the platypus and the echidna, and sperm were separated by gentle centrifugation (400 3 g, 5 min). Spermatozoa were recovered after appropriate incubation by centrifugation (400 3 g, 1 min) before being washed in noncapacitating (NC) BWW media (i.e., BWW media prepared in the absence of NaHCO 3 ) media and recentrifuged (400 3 g, 1 min). The sperm pellet was resuspended in SDS extraction buffer (0.375 M Tris [pH 6.8], 2% [w/v] SDS, 10% [w/v] sucrose, and protease inhibitor cocktail), incubated at 1008C for 5 min, and equivalent amounts of protein (10 lg) were resolved by SDS-PAGE [25] . Alternatively, sperm protein lysates were prepared for separation via two-dimensional SDS-PAGE as previously described [26] . One and two dimensional gels were either stained with silver reagent or prepared for immunoblotting by transfer onto nitrocellulose membranes (Hybond C-extra; GE Healthcare) [26] . Membranes were blocked for 1 h at room temperature in Tris-buffered saline (TBS) containing 5% (w/v) skim milk powder or 3% (w/v) BSA. After rinsing with TBS containing 0.1% (v/v) Tween-20 (TBST), membranes were incubated sequentially with appropriate primary antibody at 48C overnight and its corresponding HRP-conjugated secondary antibody for 1 h at room temperature. Following three washes in TBST, labeled proteins were detected using enhanced chemiluminescence reagents (ECL; GE Healthcare).
The profile of epididymal secretory proteins from the same sites was determined using radiolabeling with 35 S methionine [27] . Gel spots of interest were excised and subjected to tryptic digestion prior to being identified by nano-liquid chromatography-tandem mass spectrometry (nano-LC-MS/MS) with an Ettan MDLC system coupled to a linear ion trap LTQ mass spectrometer (Thermo Electron). Peptide and fragment masses were matched to proteins using MASCOT software (Matrix Science Ltd.) and were manually verified [26] . The role of SPARC in sperm bundle formation was examined using immunofluorescence and immunogold labeling of epididymal tissue and sperm bundles. Sperm bundle caps were excised by laser dissection microscopy, and the captured proteins were resolved by SDS-PAGE. Sparc mRNA transcripts were amplified from epididymal cDNA by RT-PCR, and their identity was confirmed by sequencing.
Biotinylation of Sperm Proteins
Samples of epididymal spermatozoa were collected as described above and washed twice in NC BWW by gentle centrifugation (400 3 g, 1 min). The spermatozoa were then surface labeled with sulfo-NHS-LC-biotin (Thermo Fisher Scientific), a membrane-impermeable derivative of biotin, in accordance with the manufacturer's instructions. Briefly, spermatozoa were diluted to a concentration of ;2 3 10 6 cells/ml in NC BWW supplemented with 1 mg/ml sulfo-NHS-LC-biotin. After 10 min, the biotinylation reaction was stopped by the addition of 1 M Tris-HCl (pH 7.4), and spermatozoa were pelleted by centrifugation (400 3 g, 1 min). They were then washed twice in NC BWW before being solubilized by incubation in 2% NP-40 for 1 h on ice. An aliquot of solubilized protein (2 lg) was resolved on 10% SDS-PAGE gels and electrotransferred to a nitrocellulose membrane as described above. Affinity detection of biotinylated surface proteins was performed using a streptavidin-HRP-conjugated probe and an ECL detection kit.
Immunofluorescent Labeling of Epididymal Tissue and Spermatozoa
Formalin-fixed testis tissue was embedded in paraffin and cut into 5-lm sections. Following dewaxing and rehydration, antigen retrieval was performed by microwaving (500 W) the sections for 20 min in citrate buffer (10 mM trisodium citrate, 4.4 mM HCl [pH 6.0]). All subsequent incubations were performed at 378C in a humid chamber, and all antibody dilutions and washes were conducted in PBS. Sections were blocked at 378C for 1 h in 3% (w/v) BSA in PBS. Slides were washed and incubated sequentially in primary antibody (diluted 1:100) and an appropriate Alexa Fluor 488-conjugated NIXON ET AL. secondary antibody (diluted 1:300). After washing, the sections were counterstained with 10 lg/ml propidium iodide, a nuclear dye included to aid morphological assessment. Slides were mounted in antifade reagent (13% Mowiol 4-88; 33% glycerol; 66 mM Tris [pH 8.5]; and 2.5% 1,4 diazobcyclo-[2.2.2] octane), and viewed using a confocal microscope (Carl Zeiss Laser Scanning Microscope 510).
Isolated spermatozoa were fixed in 4% paraformaldehyde, washed three times with 0.05 M glycine in PBS, and then applied to poly-L-lysine-coated glass coverslips. The cells were permeabilized with 0.2% Triton X-100 and blocked in 3% BSA/PBS for 1 h. Coverslips were then washed in PBS and incubated in a humidified chamber with appropriate primary and secondary antibodies (1 h at 378C). Following this, coverslips were washed (3 3 5 min) in filtered PBS before mounting in antifade reagent. Sperm cells were then examined using a confocal microscope (Carl Zeiss).
Immunogold Labeling of Spermatozoa
For immunogold labeling, isolated spermatozoa were fixed in 4% paraformaldehyde/0.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.3), followed by dehydration, infiltration, and embedding in LR White resin. Sections (70 nm) were cut on an Ultracut S ultramicrotome (Reichert-Jung) with a diamond knife (Diatome Ltd.) and placed on nickel grids. All antibody dilutions and washes for immunogold labeling were in Dulbecco PBS (DPBS; pH 7.4). Grids were treated with 0.05 M glycine dissolved in DPBS for 40 min, followed by washing and blocking in 3% BSA in DPBS for 1 h at 378C. Primary antibody (1:25) was applied and incubated overnight at 48C. Grids were washed and incubated with secondary antibody conjugated to 10-nm gold particles for 2 h at 378C. After washing, sections were postfixed in 2% glutaraldehyde, dried, and stained with 1% uranyl acetate in 40% methanol. Micrographs were taken on a JEOL-100CX transmission electron microscope (JEOL) operating at 80 kV.
Statistical Analysis
All experiments were replicated with material collected from at least three different animals, and the graphical data presented represent means 6 SEM, the standard errors being calculated from the variance between animals. Statistical significance was determined by ANOVA.
RESULTS
Formation of Monotreme Sperm Bundles
Histological examination of paraffin sections stained with hematoxylin and eosin confirmed that the platypus epididymis is differentiated into an initial (regions 1-4) and terminal (region 5) segment, like that of the echidna epididymis (Fig. 1 ) [13, 14] . Only individual sperm are present in the initial segment of both species, and they assemble into distinctive bundles when they enter the terminal segment of the epididymis (Fig. 1B) . Affinity labeling of the echidna sperm bundles confirmed the presence of an acrosomal vesicle overlying the anterior region of the head that readily stained with PNA ( Fig. 2A) , a lectin that is commonly used as a marker of the outer acrosomal membrane [28] . An elongated nucleus terminated in a relatively short midpiece, and microtubules comprising tubulin were immunolabeled throughout the principal piece of the flagellum (Fig. 2A) . Ultrastructural analysis confirmed [13, 15] that the sperm bundles are supported by electron-dense extracellular material that is concentrated at the rostral end of the sperm heads and extends distally as more flocculent material for much of the length of 
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the heads (Fig. 2, B and C) . Similar sperm bundle characteristics were also documented in the platypus (data not shown).
Analysis of Sperm Surface and Epididymal Proteins
As an initial step toward determining the contribution of the monotreme epididymis to sperm bundle formation, isolated echidna and platypus sperm were vectorially labeled with a membrane-impermeable biotinylation reagent. Lysates were then separated by one-dimensional SDS-PAGE and prepared 3 . Assessment of sperm membrane proteins. Echidna (A) and platypus (B) spermatozoa were recovered from five regions of the epididymis and surface labeled with membrane-impermeable biotin. Sperm lysates were resolved by SDS-PAGE under either reducing (inclusion of b-mercaptoethanol) or nonreducing (omission of b-mercaptoethanol) conditions. The gels were then blotted onto nitrocellulose membranes, and affinity detection of biotinylated sperm surface proteins was performed using HRP-conjugated streptavidin. A) Asterisk indicates a band of ;70 kDa that increased in density, and possibly molecular weight, from sites 1 to 5 of the echidna epididymis; arrowhead indicates a band of ;80 kDa that increased in density from sites 1 to 4, but reduced to site 5 of the echidna epididymis. B) Arrow indicates a band at ;150 kDa that was absent in sites 1 and 2, but was present for sites 3-5 of the platypus epididymis.
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for affinity labeling with streptavidin-HRP (Fig. 3) . This showed that both species harbored a relatively complex sperm surface proteome featuring proteins ranging in molecular weight from ;10 to 200 kDa. There were only modest changes in the sperm surface proteome along the epididymis, with a number of proteins showing increases in concentration. The most notable changes in the echidna were (in reducing conditions): a band of ;70 kDa that increased in density from sites 1 to 5, and seemed to increase in molecular weight (Fig.  3A, asterisk) ; and a band of ;80 kDa that increased in density from sites 1 to 4 and reduced to site 5 (Fig. 3A, arrowhead) . In the platypus gels (under nonreduced conditions) at ;150 kDa there was nothing for sites 1 and 2 and distinct bands for sites 3-5 (Fig. 3B, arrow) . Apart from possibly the latter, we did not detect any substantive modifications coinciding with sperm bundle formation upon entry into the terminal segment (Fig. 3) .
Extending this analysis, both one-dimensional (Supplemental Fig. S1 ; Supplemental Data are available online at www. biolreprod.org) and two-dimensional SDS-PAGE gels (Figs. 4 and 5) of luminal proteins from the epididymis of both monotremes revealed profiles of similar overall complexity to those documented for eutherians [29] . Consistent with increasing protein concentration along the initial segment (from 4.9 lg/ll proximally to 58.8 lg/ll distally in the echidna [15] ), the proteomic profile of luminal fluid was also characterized by apparent increases in complexity between regions 1 and 2 of the initial segment of both the echidna (Fig.  4) and platypus (Fig. 5) epididymis. Thereafter, the proteomic profile of the luminal fluids remained relatively consistent. 35 Smethionine labeling studies indicated that the pattern of protein secretion was similar along the initial segment. However, most protein was secreted in the proximal end of the duct and the rate reduced to 7% in the distal end. Among the most dominant proteins secreted into the initial segment, we successfully identified clusterin (echidna) and a novel lipocalin (LCN20; platypus [26] and echidna). Pentraxin 2 (PTX2) was also present in significant amounts in the platypus. In the terminal segment, the concentration of protein was lower (39.8 lg/ll in the echidna [15] ) than in the distal initial segment, and the rate of protein secretion was much the same as in the distal initial segment. The main protein secreted into the terminal segment was identified as sema domain, immunoglobulin domain (Ig), short basic domain, secreted, (semaphorin) 3F (SEMA3F, formerly semaphorin IV) in the echidna (Fig. 4) , and SPARC (secreted protein, acidic, cysteine-rich [osteonectin] [26] ) in the platypus (Fig. 5) .
FIG. 4.
Analysis of the echidna epididymal proteome. Proteins present in luminal fluid flushed from five different regions of the echidna epididymis were resolved by two-dimensional SDS-PAGE and stained with silver reagent (left panels). Alternatively, the profile of epididymal secretory proteins was determined for the same sites using radiolabeling with 35 S-methionine (right panels). Gel spots of interest were excised and subjected to tryptic digestion prior to being identified by nano-LC-MS/MS. The numbers in the upper right of each panel indicate the epididymal segment from which the proteins were derived.
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Protein(s) Involved in Sperm Bundle Formation
Identification of protein(s) involved in sperm bundle formation was initially pursued in the platypus as its genome was sequenced [4] . SPARC was identified in two-dimensional SDS-PAGE gels as a likely contender because it was the main protein secreted into the epididymis coincident with bundle formation (Fig. 5) , and it is a member of a matricellular family involved in modulating cellular interactions [30] . A protein of equivalent molecular weight was also detected among the profile of biotinylated sperm surface proteins resolved under reducing (but not nonreducing) conditions (Fig. 3) . Immunohistochemistry confirmed that SPARC was synthesized along the epididymis, accumulated in the terminal segment, and localized in the cap region of sperm bundles (Fig. 6) . In this context, SPARC was clearly labeled within the adluminal region of epididymal epithelial cells within the initial segment before becoming restricted to the luminal border of epithelial cells and the anterior head of spermatozoa in the terminal segment. Furthermore, SPARC mRNA transcripts were amplified from both platypus and echidna epididymal cDNA by RT-PCR (Fig. 6B) . Sequencing of the amplified products confirmed the identity of SPARC mRNA and revealed a high level of sequence identity (.85%) with both the human and mouse homologues (Supplemental Fig. S1 ).
Subsequent studies focused on the echidna because of the availability of both epididymal and ejaculated spermatozoa. Immunoblotting of sperm lysates (Fig. 7A) confirmed the presence of SPARC on spermatozoa isolated from the terminal but not the initial segment of the epididymis. SPARC was also detected in lysates of ejaculated spermatozoa (Fig. 7B) , and was among the proteins captured by laser dissection microscopy from the electron-dense material comprising the sperm bundle cap (Fig. 7C ). Immunocytochemistry and immunogold analyses confirmed that SPARC possessed the same distribution in echidna sperm bundles as the electron-dense material embedding their heads (Fig. 7, D and E) . Additional labeling of the SPARC protein was detected in the distal region of the sperm head (Fig. 7D) . Given these results, it is curious that SPARC was not identified among the 35 S-methionine-labeled proteins secreted by the echidna epididymis (Fig. 4) . Presently, our only explanation for this dichotomy is that the protein was not identified in the MS analysis because of an incomplete annotation of the echidna genome. 
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Dissociation of Echidna Sperm Bundles
More than 90% of spermatozoa were in bundles in freshly collected epididymal and ejaculated semen. The bundles remained intact for at least 1 h following dilution and incubation in vitro, then dissociated over time (Fig. 8A) . Dissociation involved the distal (tail) end of the bundles initially spreading wider while the rostral end of the sperm heads remained fixed together, before shedding small groups of approximately 5-20 spermatozoa from which individual cells dissociated. As the tail end of the bundles fanned out they formed a wide V-shape (Fig. 7D ) that subsequently expanded to form a sphere (Fig. 8B) before the dissociation occurred. When sperm intracellular cyclic AMP was elevated with pentoxifylline and dibutyryl-cAMP (i.e., BWW optimized for capacitating eutherian spermatozoa), complete dissociation was achieved in 2.4 6 0.3 h (five echidna; Fig. 8A ). Without supplementation, the bundles were generally less active during incubation, and their dissociation took 40 6 6 min (four echidna) longer.
Immunolabeling demonstrated that SPARC was retained in both the anterior and distal regions of the sperm head during the initial stages of bundle dispersal (Figs. 7D and 8B) . However, complete dissociation of the bundles was accompanied by a loss of SPARC, as shown by immunolabeling of the individual cells (Fig. 8C) and by the absence of the protein from lysates of sperm (Fig. 7A: see 5*) . Dissociation of spermatozoa from bundles was also associated with the development of their capacity to undergo an ionophore-induced acrosome reaction (Fig. 8D) , a criterion used to assess capacitation in therians [31] . However, like avian sperm [32] and unlike sperm from eutherians and marsupials, echidna sperm did not undergo significant tyrosine phosphorylation during incubation in any of the BWW media formulations employed in this study (Fig. 9) . Similarly, spermatozoa from the different treatment groups also failed to display any notable increase in serine or threonine phosphorylation (Fig. 9) , posttranslational modifications that generally precede tyrosine phosphorylation during eutherian capacitation.
A preparation of chicken PVM [32] was used to assess whether echidna sperm could bind to an egg (see Materials and Methods). The sperm bundles, or even partly dissociated bundles, would not bind to the PVM. However, individual sperm did bind after the bundles had dissociated (Supplemental Fig. S2 ). The binding was accompanied by an altered pattern of sperm motility that resembled the high-amplitude, asymmetrical flagellum beat associated with hyperactivation of eutherian spermatozoa (Supplemental Movie S1). Notably, this altered pattern of motility was not observed in any of the bundled spermatozoa or the free-swimming individual spermatozoa, FIG. 6 . Immunolocalization of SPARC in the platypus epididymis. A) Immunofluorescent detection of SPARC (green) in epididymal epithelium (ep) and spermatozoa (sp). All sections, including the secondary-only negative control, were counterstained with propidium iodide (PI; red). Bars ¼ 5 lm. B) SPARC mRNA transcripts were amplified from epididymal cDNA derived from three echidna and three platypus by RT-PCR. Amplified transcripts were excised and prepared for sequencing to confirm the identification of SPARC (Supplemental Fig. S1 ).
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and it was not a universal feature of all spermatozoa that appeared to be bound to the PVM.
DISCUSSION
This study identified three key aspects of posttesticular sperm development in monotremes. First, we confirmed that the platypus has an epididymis like the echidna and that spermatozoa form bundles as they enter the terminal segment. Second, we identified an epididymal secretory protein, SPARC, which is involved in the formation of the sperm bundles. Third, we showed that the sperm bundles persist following dilution in vitro, then undergo a time-dependent dissociation to release spermatozoa capable of fertilization, a process that conforms to the original descriptions of capacitation in eutherians and marsupials [10] [11] [12] .
The biological significance of sperm bundle formation in monotremes has yet to be fully resolved. Although this form of sperm interaction is quite unique among mammals, it has the hallmarks of the sperm cooperation identified in other mammalian taxa and which are considered to be involved in sperm competition [17] [18] [19] [33] [34] [35] . A phenomenon similar to the monotremes, involving the ejaculation of highly motile bundles of 50-100 spermatozoa, has recently been documented in the desert ant Cataglyphis savignyi [36] . In C. savignyi, queens mate with high promiscuity, copulating with up to 14 different males in quick succession before storing their sperm together within a spermatheca. The ejaculation of cooperative FIG. 7 . Confirmation of SPARC as a key protein that mediates echidna sperm bundle formation. A) Sperm lysates were prepared from cells isolated from the proximal initial (1) and terminal (5) segments of the echidna epididymis. Alternatively, echidna sperm were incubated under conditions to dissociate sperm bundles prior to lysis (5*). These lysates were resolved alongside epididymal fluid from the terminal segment and were immunoblotted with anti-SPARC antibodies. Following labeling the membranes were stripped and reprobed with antitubulin antibodies to confirm equal protein loading. B) Cell lysates prepared from ejaculated echidna spermatozoa were resolved by two-dimensional SDS-PAGE and immunoblotted with anti-SPARC antibodies (SPARC is denoted by an arrow). C) The extracellular material embedding the sperm heads (arrowheads) was excised by laser dissection microscopy, and the captured proteins were resolved by SDS-PAGE alongside a whole-sperm lysate (SPARC is denoted by an arrow). D) Immunofluorescent labeling of SPARC on isolated echidna sperm bundle. E) Ultrastructural localization of SPARC in electron-dense matrix embedding sperm heads. Boxed region is enlarged to highlight immunogold labeling (arrowheads). Bar ¼ 5 lm.
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sperm bundles has thus been interpreted as an adaptive mechanism shaped by the intense selective pressure on males to optimize the delivery of their sperm to the spermatheca and thus to enhance their reproductive fitness [36] . By analogy, it is tempting to speculate that monotremes display a convergent adaptive response that has evolved as a result of pressures to achieve paternity within a competitive mating system [37, 38] . This interpretation is consistent with the approximate 3-fold increase in progressive motility observed as a consequence of the formation of monotreme sperm bundles. It also accords with the high gonadal indices of the monotremes (platypus ¼ 1.74; echidna ¼ 1.97; humans ¼ 0.006; rats ¼ 0.67; rams ¼ 0.91; and wallabies ¼ 0.54 [39] ) and with their courtship behavior, which involves considerable intermale rivalry before mating [40, 41] . For instance, male echidnas are known to engage in a curious courtship behavior in which they search out estrus females and form mating ''trains'' that may consist of up to 11 males following a single female [42] . In cooler climes, torpid female echidnas have been recorded to mate on several occasions with promiscuous males [43] . In the case of platypus, the male possesses a venomous spur that is believed to be used as an offensive weapon to assert dominance [42] . Nevertheless, it is recognized that further work on sperm motility, the interaction between males and females, and paternity testing is required to better establish the role of sperm competition in monotremes.
Despite the recognition of different forms of sperm cooperation in a variety of taxa, the molecular mechanisms that promote these interactions, and their dispersal, have yet to be determined. Our findings in the monotreme suggest that an epididymal secretory protein, SPARC, may play an important role. The monotreme epididymal fluid was dominated by a small subset of major proteins, of which SPARC represented approximately 8% of the total protein in the luminal plasma of the terminal segment. SPARC is a member of the matricellular family of proteins that modulate cellular adhesion, and it is both taxonomically widespread and highly conserved [30] , although it has yet to be described in the epididymal luminal fluid of other mammalian species. The cysteine-rich nature of its primary sequence suggests that it may support sperm bundle assembly via the formation of a cross-linked network of intramolecular disulphide bonds. This notion is supported by the detection of a protein of equivalent size to SPARC in preparations of both platypus and echidna sperm surface proteins resolved under reducing conditions. In contrast, this protein was not detected among identical protein lysate preparations resolved under nonreducing conditions. Nevertheless, proteins other than SPARC may also be involved in the formation of sperm bundles. We have carried out immunocytochemistry to detect pentraxin (PTX), because it is an adhesion protein secreted by the epididymis of the platypus, and SEMA3F, which is secreted into the terminal segment of the echidna. However, neither of these proteins was localized in the sperm bundles by immunocytochemistry (data not shown).
Despite the inherent stability of the monotreme sperm bundles, it was possible to dissociate them under appropriate in vitro conditions. Their dissociation fulfills the paradigm that after maturation in the epididymis, all mammalian sperm must undergo a time-dependent process, known as capacitation, in order to develop the capacity to complete an acrosome reaction and fertilize ova. The involvement of the epididymis in developing the need for capacitation is thus shared by monotremes [13] and eutherians [44] . Otherwise, capacitation in monotremes is quite different to the process described in all other mammals: work on eutherian sperm indicates that it involves changes in the surface architecture arising from cholesterol efflux and the activation of a cAMP-mediated signaling pathway that promotes the sequential stimulation of PKA, a downstream intermediary tyrosine kinase, and eventually the tyrosine phosphorylation of multiple sperm proteins [45, 46] . In contrast, although the elevation of intracellular cAMP did enhance bundle dissociation, it failed to elicit any significant increase in protein phosphorylation in monotreme spermatozoa. Such findings suggest that cAMP may act through alternative pathways, possibly involving either cAMP-regulated ion channels or EPAC (exchange protein directly activated by cAMP) [47] . Alternatively, it could be interpreted that there are no physiological changes to monotreme sperm associated with their dissociation from sperm bundles and that the dissociation may only be a response to changes of the extracellular matrix. The presence of SPARC in sperm bundles was assessed by immunolabeling of the protein during sequential stages of the dissociation process, including the formation of loosely packed spherical bundles (B), and the individual spermatozoa released from these bundles (C). Bars ¼ 5 lm. D) The capacity to complete an acrosome reaction was assessed in spermatozoa present in bundles and again after their dispersal following challenge with the calcium ionophore, A23187 (n ¼ 3; mean 6 SEM; *P , 0.05).
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This study, on the platypus and short-beaked echidna, confirms for both monotremes that sperm form bundles (of about 100 individuals in the echidna) as they pass through the epididymis, a process that is unique among mammals. We provide evidence that a protein, SPARC, is involved in the bundle formation and that, in vitro, a period of about 2 h of incubation is required before sperm dissociate from the bundles and can bind to the vitelline membrane of the hen egg. We suggest that monotreme spermatozoa require a process analogous to capacitation in therian mammals before they are capable of fertilizing an ovum.
